Synthesis of the Streptococcus pneumoniae type 3 capsule requires the pathway glucose-6-phosphate (Glc-6-P) 3 Glc-1-P 3 UDP-Glc 3 UDP-glucuronic acid (UDP-GlcUA) 3 (GlcUA-Glc) n . The UDP-Glc dehydrogenase and synthase necessary for the latter two steps, and essential for capsule production, are encoded by genes (cps3D and cps3S, respectively) located in the type 3 capsule locus. The phosphoglucomutase (PGM) and Glc-1-P uridylyltransferase activities necessary for the first two steps are derived largely through the actions of cellular enzymes. Homologues of these enzymes, encoded by cps3M and cps3U in the type 3 locus, are not required for capsule production. Here, we show that cps3M and cps3U also are not required for mouse virulence. In contrast, nonencapsulated isolates containing defined mutations in cps3D and cps3S were avirulent, as were reduced-capsule isolates containing mutations in pgm. Insertion mutants that lacked PGM activity were avirulent in both immunologically normal (BALB/cByJ) and immunodeficient (CBA/N) mice. In contrast, a mutant (JY1060) with reduced PGM activity was avirulent in the former but had only modestly reduced virulence in the latter. The high virulence in CBA/N mice was not due to the lack of antibodies to phosphocholine but reflected a growth environment distinct from that found in BALB/cByJ mice. The reduced PGM activity of JY1060 resulted in enhanced binding of complement and antibodies to surface antigens. However, decomplementation of BALB/cByJ mice did not enhance the virulence of this mutant. Suppressor mutations, only some of which resulted in increased capsule production, increased the virulence of JY1060 in BALB/cByJ mice. The results suggest that PGM plays a critical role in pneumococcal virulence by affecting multiple cellular pathways.
The polysaccharide capsule of Streptococcus pneumoniae is the single most important virulence factor of this organism. Although 90 distinct capsular polysaccharides have been identified (24) , all share the common function of inhibiting complement-mediated phagocytosis of the organism (10, 45) . The essential role of the capsule in S. pneumoniae virulence was established through the study of spontaneous mutants, the genetic transfer of capsular serotypes, and the use of a type 3-specific depolymerase to remove the capsule prior to infection (6, 22, 29) . Genetic transfer of capsular serotypes indicated linkage of the genes necessary for synthesizing a specific capsular polysaccharide, and recombination experiments confirmed those linkages (4, 18, 37, 38) . A role for unlinked genes was indicated by the transfer of the normal capsule phenotype from mutants that produced reduced levels of capsule (28) . Recent studies have provided molecular details regarding both the linked genes contained in the capsule loci and the unlinked genes that are also necessary for capsule synthesis. Each of the capsule loci contains a central region of type-specific genes essential for the synthesis of a specific polysaccharide, as well as common, flanking sequences that encode functions involved in the synthesis of essentially all S. pneumoniae capsular polysaccharides (2, 11, 16, 17, 25, 27, 31-34, 36, 46) . Many of the capsule genetic loci lack genes encoding the enzymes necessary for precursor sugar synthesis, further indicating a role for unlinked genes in capsule production (27, 31, 34) . As described below, genes unlinked to the capsule locus and involved in production of the type 3 polysaccharide have been identified. Type 3 S. pneumoniae represents one of the most frequently isolated serotypes among invasive pneumococcal strains (40) . The type 3 capsule is a linear repeating unit of [3)-␤-D-GlcUA-(134)-␤-D-Glc- (13] n . Four type 3-specific genes-cps3D, cps3S, cps3U, and cps3M--are present in the type 3 capsule locus. They are flanked by the common sequences found in all serotypes, but in type 3 these sequences are mutated and are not required for capsule synthesis (2, 11, 16, 17, 48) . cps3D encodes a UDP-Glc dehydrogenase that converts UDP-Glc to UDP-GlcUA (1, 16, 17) . cps3S encodes the type 3 synthase, a processive enzyme that catalyzes the formation of all the glycosidic linkages necessary to synthesize the type 3 polymer from UDP-Glc and UDP-GlcUA (3, 12, 16, 19) . Loss of either of these enzymatic activities results in the inability to synthesize the type 3 polysaccharide and, hence, the nonencapsulated phenotype (16) . cps3U and cps3M encode a glucose-1-phosphate uridylyltransferase (Glc-1-P 3 UDP-Glc) and a protein with homology to phosphoglucomutases (PGMs) (Glc-6-P 3 Glc-1-P), respectively (11, 16, 17) . Although both of these enzymatic functions are necessary for synthesis of precursors in the type 3 pathway, mutations in cps3U or cps3M do not alter capsule production (11, 16, 17) . Cps3U has the predicted Glc-1-P uridylyltransferase activity (2) , but Cps3M lacks the C terminus found in other PGMs, and no enzymatic activity has been demonstrated (11, 23) . Despite the apparent lack of a requirement for cps3U and cps3M, these sequences are found in all type 3 strains thus far examined and are transcribed as part of the type 3 operon cps3DSUM-tnpA-plpA (11) . Like cps3M, tnpA and plpA are only partial sequences and are not required for capsule production (11) . In addition, insertion mutations that separate cps3UM-tnpA-plpA from cps3DS do not affect mouse virulence (26) , indicating that the former also are not required for virulence or that they can be transcribed from promoters other than that upstream of cps3D.
Two genes, pgm and galU, encode most if not all of the PGM and Glc-1-P uridylyltransferase (GalU) activities, respectively, necessary for both the type 3 capsule synthesis pathway and other cellular pathways, including those leading to the teichoic acids (23, 30) . Both genes are unlinked to the type 3 capsule locus, and loss of either results in near complete loss of capsule production, as well as growth defects. In contrast, point mutations that reduce but do not eliminate PGM activity can result in reduced capsule production without apparent growth defects. We previously described the PGM mutant JY1060, which contains a single amino acid change that results in approximately 25% of the parental levels of PGM activity and type 3 capsule but does not lead to obvious growth defects during laboratory culture (23) . Repair of the point mutation in the JY1060 pgm restores capsule production to parental levels, indicating that this mutation is solely responsible for the mutant phenotype (23) . In this report, we describe the effects of mutations throughout the type 3 locus on virulence and show that the cellular PGM plays a critical role in pneumococcal virulence.
MATERIALS AND METHODS
Bacteria and growth conditions. The S. pneumoniae strains used in these studies are described in Table 1 , Fig. 1, and Fig. 2 . Insertion-duplication mutations were generated as previously described (47, 49) . Restriction or PCR fragments of S. pneumoniae DNA were cloned into the suicide vector pJY4163 or pJY4164 (erythromycin resistance) to target the insertions. The clones were transformed into S. pneumoniae, and the presence of the insertions in erythromycin-resistant isolates was confirmed by Southern blot analysis, as previously described (23) . Deletions were first constructed in Escherichia coli DH5␣ (5) by cloning restriction or PCR fragments that flanked the desired deletion. Clones contained in pJY4163 or pJY4164 were then transformed into S. pneumoniae without selection for the erythromycin resistance marker. Isolates in which deletions were generated as a result of allelic exchange were identified by PCR (11) . The arrow indicates the direction and length of the only known transcript. Parentheses indicate naturally truncated sequences (cps3M at the 3Ј end, plpA at the 5Ј end, and tnpA at both the 5Ј and 3Ј ends). plpA also contains a point mutation (⅐) that causes a frameshift in the remaining partial open reading frame. The partial open reading frame for TnpA is opposite (i.e., right to left) that of all others in the locus. Maps show the structure of each mutant locus, with boxes indicating the region that was used to target insertion-duplication mutations. Arrows within each locus indicate the site of the plasmid insertion, with the orientation indicating the direction of a cat reporter sequence contained in the plasmid. Strain names are indicated above or below the appropriate arrows. Where more than one strain name is given, independent isolates were tested, with approximately equal numbers of mice used for each isolate. The maps are not drawn to scale, but the target fragments are sized proportionately. The amino acid positions of the insertions and effects of the mutations are shown to the left of each map. Ϫ, expected loss of function; dn, downstream insertion that results in an intact copy of all sequences. The D Ϫ , dn D, and S Ϫ mutants are nonencapsulated; all others produce parental amounts of capsule. For virulence studies, BALB/cByJ mice were infected i.v. with 10 7 bacteria (similar results were obtained with lower doses; the WU2 LD 50 is approximately 3 ϫ 10 5 CFU). The number of mice infected (n) is combined for independent isolates containing the same mutation, none of which differed from each other. The downstream D insertion is polar on S (16); thus, it and the S Ϫ mutant are considered together. P values were determined using Fisher's exact test to compare survival (alive versus dead) and the Mann-Whitney two-sample rank test to compare median times to death (MTD; in hours). A time to death of Ͼ504 h indicates survival. Bacteria isolated from dead mice retained the expected insertions, as determined by resistance to the antibiotic marker (erythromycin) carried on the plasmid insertion.
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S. PNEUMONIAE PGM AND VIRULENCE 2311 amplification of pools containing 10 colonies that had been suspended in 200 l of H 2 O and lysed by boiling for 5 min. Primers flanking the expected deletion were used for amplification, and isolates containing deletions were identified from the appropriate pools. The deletions were further confirmed by Southern blot analysis. The Cps3D Ϫ mutants contain spontaneous point mutations that were localized initially by the ability of restriction fragments from the parent strain to restore full encapsulation and finally by sequencing of the appropriate restriction fragment from the mutant, as previously described (17) .
S. pneumoniae strains were grown in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) at 37°C or on blood agar base no. 2 supplemented with 3% sheep erythrocytes at 37°C in 5% CO 2 . Medium components and blood were from Difco (Detroit, Mich.) and Colorado Serum Company (Denver, Colo.), respectively. E. coli derivatives were grown in L broth or on L agar. Erythromycin was used at 0.3 g/ml for S. pneumoniae and at 250 to 300 g/ml for E. coli.
Mouse infections. Virulence was assessed in 8-to 12-week-old BALB/cByJ and CBA/N (CBA/CaHN-Btk xid ) female mice (Jackson Laboratories, Bar Harbor, Maine). Bacterial cultures were grown to approximately 3 ϫ 10 8 CFU/ml in THY, serially diluted in lactated Ringer's solution, and injected either intraperitoneally (i.p.) or intravenously (i.v.) in a volume of 0.2 ml. Mice were subsequently monitored for 21 days. Bacteria were recovered from the hearts of dead mice to assess phenotype and test for the presence of the appropriate mutation. For blood clearance assays, mice infected i.v. were bled retro-orbitally and the samples were diluted and plated on blood agar medium to determine the number of CFU per milliliter of blood. Complement depletion was accomplished by i.p. injection of 12.5 U of cobra venom factor (Quidel Corp., San Diego, Calif.) 5 to 8 h prior to infection. C3 concentrations (measured as described below) were reduced to Ͻ3% of initial levels 4 h after cobra venom factor administration. This result is consistent with previous reports showing nearly undetectable levels of C3 by 4 h posttreatment and sustained reductions for up to 4 days (41).
Capsule determinations, antibody binding and complement fixation assays. Capsule production was determined using either an inhibition enzyme-linked immunosorbent assay (ELISA), performed as previously described (11), the Stains-All assay for detecting acidic polysaccharides (39) , or an indirect ELISA, performed as described below for the antibody binding assays. For all capsule assays, cultures were grown to a density of 3 ϫ 10 8 CFU/ml in THY, and the amount of capsule produced was calculated from a standard curve generated using isolated type 3 polysaccharide (American Type Culture Collection).
Antibody binding to the bacterial surface was examined by indirect ELISA. Cultures, grown to 3 ϫ 10 8 CFU/ml in THY, were heat killed for 20 min at 65°C and pelleted by centrifugation (14,000 ϫ g, 20 min). The cells were suspended in the original culture volume of phosphate-buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 5 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 [pH 7.4]), and all samples were adjusted to the same optical density at 600 nm (OD 600 ). Duplicate columns of a Falcon flexible microtiter plate (Fisher Scientific, Pittsburgh, Pa.) were coated with 50 l of the cell suspension and incubated overnight at 4°C. Plates were washed three times with 0.05% Tween 20 in PBS (PBST) and then blocked with 1% bovine serum albumin (BSA) in PBS for 1 h. Polyclonal antiserum or tissue culture supernatants containing monoclonal antibodies (MAbs) were twofold serially diluted down each column, starting at 1/5,000 for polyclonal antisera and 1/10 for MAbs. Plates were incubated for 45 min, washed three times with PBST, and then incubated with both a goat anti-rabbit (or anti-mouse for MAbs) immunoglobulin-biotin conjugate and a streptavidin-alkaline phosphatase conjugate (Southern Biotechnology, Birmingham, Ala.) at dilutions of 1:1,000 and 1:2,500, respectively. Plates were washed, developed with p-nitrophenyl phosphate (Sigma), and read at OD 405 . Except as noted, all incubations were at room temperature. Binding is expressed relative to that of JD611, a nonencapsulated type 3 derivative. Results are the means Ϯ standard errors of the means (SEM) for three independent cultures of each strain. The anti-C polysaccharide (teichoic acid), anti-type 19-specific, and anti-type 23-specific polyclonal antisera were obtained from Statens Seruminstitut (Copenhagen, Denmark). MAbs specific for phosphocholine (PC) (140.1C2) and PspA (2A4) (14) were kindly provided by David Briles (University of Alabama at Birmingham). Type 3 capsule was measured using MAb 16.3 (9) . Determination of the amount of capsule produced by WU2 and JY1060 using the indirect ELISA gave results comparable to those previously obtained using the inhibition ELISA and the Stains-All assay (23) (data not shown). Thus, the amount of capsule does not affect binding of the bacteria to the microtiter assay plate.
Complement (C3) binding was determined using the method of Gordon et al. (21) with some modifications. Cultures were grown to 3 ϫ 10 8 CFU/ml in THY, pelleted by centrifugation, washed in one-half the original culture volume with gelatin Veronal buffer (0.1% gelatin, 1.8 mM sodium barbital, and 3.1 mM barbituric acid [pH 7.4]; Sigma), and resuspended in 180 l of gelatin Veronal buffer per 1 ml of original culture. Each sample was divided in half and mixed with 10 l of either pooled mouse serum or heat-inactivated (56°C, 30 min) mouse serum. Following incubation at 37°C for 30 min, samples were centrifuged and washed three times with an equal volume of PBS. Duplicate wells of microtiter plates were coated with 50 l of washed cells/well, and plates were incubated overnight at 4°C. All subsequent incubations were done at room temperature. The plates were washed three times with PBST, blocked with 1% BSA-PBS for 1 h, and incubated with a 1/500 dilution of goat anti-mouse C3 conjugated to horseradish peroxidase (ICN Pharmaceuticals, Inc., Aurora, Ohio) in 1% BSA-PBS for 1 h. After three washes with PBST, the samples were developed with ABTS [2,2Ј-azino-di-(3-ethylbenzthiazoline sulfonic acid)] substrate, and the OD 415 was read. A C3 standard curve was generated using the normal mouse serum amyloid P component standard from Calbiochem-Novabiochem Corp. (La Jolla, Calif.). Values for the S. pneumoniae samples were normalized to numbers of CFU per milliliter, which were determined at each step of the procedure. Results are expressed as the means Ϯ SEM for five replicates and were compared using the unpaired Student's t test.
RESULTS
Virulence of type 3 mutants in immunologically normal mice. S. pneumoniae strain JD770 (dn S in Fig. 1 ) contains an insertion-duplication mutation that separates cps3U, cps3M, tnpA, and plpA from cps3D and cps3S (16, 17) . This strain is 7 bacteria. The number of mice infected (n) is combined for independent isolates of the same mutation (indicated by strain names at the left). None of the independent isolates differed from each other. Numbers in parentheses represent a set of experiments that was performed at a later time and that resulted in a shorter median time to death for the parent strain, WU2. The mutants are therefore compared to the WU2 control mice from the appropriate set of experiments. None of the mutants were statistically different from the parent with regard to survival (compared using Fisher's exact test) or median times to death (MTD; in hours; compared using the Mann-Whitney two-sample rank test).
indistinguishable from its type 3 parent, WU2, in terms of capsule production and virulence in BALB/cByJ mice (26) , suggesting that either the downstream sequences are not necessary for these phenotypes or they can be transcribed from promoters other than that located upstream of cps3D. To further examine the requirement in mouse virulence for genes in the type 3 locus, we used additional mutants containing insertion-duplication or point mutations, as shown in Fig. 1 . The Cps3D and Cps3S mutants are nonencapsulated but can be restored to full encapsulation by repair of the mutations (16, 17) (data not shown). Isolates containing mutations affecting either cps3D or cps3S (D Ϫ , dn D, and S Ϫ in Fig. 1) were not, in the absence of reversion of the mutations, able to cause death by the i.p. or i.v. routes of infection (shown for the i.v. infections in Fig. 1 ). Revertants, isolated from mice that died following i.p. infection with high inocula of these mutants, were encapsulated and, in the case of cps3S mutants, erythromycin sensitive due to loss of the insertion plasmid.
Insertion mutations in the type 3 locus that do not inactivate cps3D or cps3S also do not alter capsule production under standard laboratory culture conditions (11, 16) (data not shown). Insertions located in the cps3UM-tnpA region (U Ϫ , dn U, M Ϫ , dn M, and dn tnpA in Fig. 1 ) did, however, result in extended times to death following i.v. infection, and insertions in cps3U (U Ϫ in Fig. 1 ) resulted in an increased overall survival (Fig. 1) . No differences were observed for these mutants following i.p. infection (data not shown). The isolates containing downstream insertions (dn U, dn M, and dn tnpA in Fig. 1 ) were constructed as controls for polar effects of the insertions in cps3U, cps3M, and tnpA, respectively. Each of these constructs contained intact copies of all the genes in the type 3 locus, suggesting that the alterations in virulence observed with all of the insertion mutations in this region may have been the result of polar effects on downstream sequences. However, insertions in plpA (PlpA Ϫ in Fig. 1 ), the most downstream sequence in the operon, did not alter virulence. To eliminate any effects of inserted DNA, we examined mutants containing deletions of the cps3UM-tnpA-plpA region. As with the insertion mutations, deletions of these sequences did not alter capsule production (data not shown). In contrast to the insertion mutants, however, we observed no alterations in virulence with the deletion mutants (Fig. 2) . Thus, the effects of the insertion mutations appear to be unrelated to any functions encoded by the disrupted genes. Although we do not know the reason for the effects of the insertions, alterations in transcript stability that affect Cps3D and Cps3S expression are a possible explanation.
Virulence of PGM mutants in immunologically normal mice. Our previous studies indicated that the majority of PGM activity necessary for capsule synthesis during laboratory culture is derived from the cellular PGM and not from Cps3M (23). The above results indicated that Cps3M function also is not required during infection in the mouse. To examine the requirement for the cellular PGM during virulence, BALB/ cByJ mice were infected with either the type 3 WU2 parent or the JY1060 PGM mutant. The latter contains a single point mutation in pgm that results in production of 25% of the parental level of capsule (23) . As shown in Fig. 3A and B, JY1060 was essentially avirulent by either the i.p. or i.v. route. Repair of the JY1060 pgm mutation, which restores parental levels of capsule production (23), also restored virulence (Fig.  3A and B, data for GH5088). Following i.v. infection, the number of JY1060 organisms remaining in the blood was rapidly reduced, although not to the extent observed with nonencapsulated strains (Fig. 3C) . Mutants GH4531 and GH4533, in which pgm is insertionally inactivated, produce less than 10% of the parental level of capsule and exhibit severe growth defects during laboratory culture (23) . They, too, were essentially avirulent in BALB/cByJ mice (survival of 88% [7 of 8] and 100% [4 of 4] at i.p. doses of 2 ϫ 10 4 and 2 ϫ 10 6 CFU, respectively; P Ͻ 0.002 compared with WU2 at a dose of 10 3 CFU). Bacteria recovered from the one mouse that died were fully encapsulated and erythromycin sensitive, indicating loss of the pgm insertion mutation.
As noted in Fig. 3 , infection of mice with high doses of JY1060 resulted in death of some of the animals. Isolation of bacteria from these animals yielded colonies that were intermediate in size between JY1060 and its type 3 parent, WU2. We previously found that second site suppressor mutations, at least some of which were located outside pgm, could restore capsule production to levels between that of JY1060 and WU2 (23) . In i.p. infections, we tested the virulence of two of the previously characterized suppressor mutants (GH5087 and GH5089) and two of the isolates (GH5000 and GH5001) obtained from mice that died following i.p. infection with JY1060. Each of the suppressor mutants, except GH5000, produced an amount of capsule between that of JY1060 and WU2 ( Table  2 ). The amount of capsule produced by GH5000 was not significantly different from that produced by JY1060 (Table 2) . Nonetheless, the virulence of GH5000 was, like that of the other suppressor mutants, increased over that observed with JY1060. At doses of 1 ϫ 10 3 to 5 ϫ 10 4 , an overall survival of 47% (n ϭ 30) was observed with the suppressor mutants, whereas 100% survival (n ϭ 19) was observed for JY1060-infected mice in this dose range (P Ͻ 0.0001; compare Fig. 3A and Fig. 4) . The full level of parental virulence was not restored, however, as the suppressor mutants and the WU2 parent exhibited differences in overall survival and median times to death (Fig. 4) . Suppressors with enhanced virulence were not identified using the pgm insertion mutants GH4531 and GH4533. As noted above, mice that succumbed to infection with these isolates had lost the insertion plasmid. In addition, suppressors that were identified as isolates with enhanced growth during laboratory culture did not have increased virulence (data not shown).
Virulence of PGM mutants in immunodeficient mice.
CBA/N mice express the X-linked immunodeficient (XID) phenotype, which is the counterpart of the human X-linked agammaglobulinemia (42) . CBA/N mice respond poorly to polysaccharide antigens, including the capsular polysaccharides and PC components of the S. pneumoniae cell surface (44) . Due in part to the lack of innate antibodies to PC, they are highly susceptible to infections with S. pneumoniae (8, 9) . In contrast to the results obtained with the immunologically normal BALB/cByJ mice, the lethality of JY1060 in CBA/N mice was not significantly different from that observed with WU2. Median times to death were, however, extended for the mutant following both i.v. and i.p infection (Fig. 5) . In contrast, the pgm insertion mutant GH4531 was avirulent in CBA/N mice (80% survival [8 of 10] at a dose of 10 5 CFU i.p.). Bacteria recovered from the two mice that died were fully encapsulated and erythromycin-sensitive, indicating loss of the pgm insertion mutation.
Interaction of JY1060 with complement and antibodies to surface antigens. In in vitro assays using serum from BALB/ cByJ mice as a source of complement, approximately sevenfold more cell-bound C3 was detectable on the JY1060 mutant than on the WU2 type 3 parent (means Ϯ SEM ϭ 0.25 Ϯ 0.074 versus 0.038 Ϯ 0.013 fg of C3/CFU; P ϭ 0.022). Identical results were obtained using serum from CBA/N mice, suggesting that the enhanced binding of (or accessibility to) C3 was not due to anti-PC-mediated complement activation.
Decomplementation of BALB/cByJ mice with cobra venom factor prior to infection reduced the numbers of both WU2 and JY1060 required for lethal i.v. infection (Fig. 6) . Even in the absence of complement, however, the mutant exhibited only low virulence (50% lethal dose [LD 50 ] of Ͼ10 5 , compared to Ͻ10 3 for the parent [ Fig. 6] ). a Capsule production by WU2, JY1060, GH5087, and GH5089 is consistent with that previously reported (23) .
b Values are expressed in micrograms per milliliter of culture per OD 600 of the starting culture and are means Ϯ standard errors. Values were determined for washed cells using the Stains-All assay. n, number of independent samples tested.
c P values were determined by comparison to WU2 or JY1060, as indicated, using a two-tailed, unpaired t test. NS, not significant.
FIG. 4.
Virulence of JY1060 suppressor mutants. BALB/cByJ mice were infected i.p. with WU2 (f) or the suppressor mutants GH5000 (ࡗ), GH5001 (F), GH5087 (OE), and GH5089 (). A time to death of Ͼ504 h indicates survival. Overall survival, compared using Fisher's exact test, was significantly different (P ϭ 0.0064) for WU2 and the suppressors at the dose of 10 3 CFU. Median times to death (indicated by the bars and compared using the Mann-Whitney two-sample rank test) were significantly different at the doses of 1 ϫ 10 3 and 6 ϫ 10 3 CFU (P ϭ 0.0002 for each, compared to the 10 3 -CFU dose of WU2).
To determine whether interactions with factors other than complement were altered in the mutant, the ability of antibodies to bind surface components was tested. As a measure of general surface exposure, bacteria were reacted with pneumococcal serotyping antiserum specific for capsule type 19 strains. Because whole cells are used as immunogens for generating these antisera, and because the type 19 polysaccharide itself is weakly immunogenic, the majority of antibodies in these sera are reactive with noncapsular surface components. The antitype 19 polyclonal antiserum reacted with JD611, a nonencapsulated derivative of the type 3 WU2, at antiserum dilutions of (Ͼ2 ϫ 10 5 )-fold. As shown in Fig. 7 , the presence of the type 3 capsule largely blocked this binding. A significant increase in antibody binding was observed for JY1060, compared to the type 3 parent. Similar results were obtained using the type 23-specific polyclonal antiserum (data not shown). We had anticipated that at least some of the increase in binding observed with the polyclonal antisera reacted with JY1060 would be due to antibodies to PC, C polysaccharide (teichoic acid), and PspA, three noncapsular immunodominant surface antigens. This did not prove to be the case, however, as JY1060 and the type 3 parent bound similarly low levels of antibodies specific for these cell surface components (Fig. 7) . The identity of the surface antigens bound by the polyclonal antisera remains to be determined.
DISCUSSION
Although classic studies established an essential role for the capsule in pneumococcal virulence, the nature of mutations resulting in reduced capsule production and virulence has generally not been known. A more recent study used transposon mutagenesis to generate nonencapsulated mutants that proved to be avirulent (43) . However, genetic linkage of the transposon to the nonencapsulated phenotype could not be demonstrated (43) , and additional mutant phenotypes unrelated to the loss of capsule were later determined (35) . As evidenced by recent studies of the genetic basis for capsule expression, capsule production can be altered by mutations that affect capsulespecific genes as well as genes involved in basic cellular processes (23, 30) . Using isolates containing defined mutations, we have shown that nonencapsulated mutants altered only in capsule production are avirulent but that avirulence can also occur in strains reduced in capsule production due to alterations in the level of cellular PGM activity. At least some of the alteration in virulence observed with the JY1060 PGM mutant is likely due to the reduction in capsule. However, ongoing stud- Binding of antibodies to surface components. Reactivity of antibodies with whole cells was tested using indirect ELISAs. Binding to WU2 and JY1060 is expressed relative to the nonencapsulated JD611. The anti-type 19 polyclonal antiserum contains a high titer of antibody to noncapsule components and reacts with JD611 at antiserum dilutions of (Ͼ2 ϫ 10 5 )-fold. It was used as a source of polyclonal antibody to S. pneumoniae surface antigens. Results are expressed as the means Ϯ SEM (n ϭ 3). Reactivity of WU2 and JY1060 with the anti-type 19 polyclonal antiserum was significantly different (P ϭ 0.001, Student's t test). Binding of the other antibodies or antiserum to WU2 and JY1060 was not significantly different. TA, teichoic acid (C polysaccharide). ies in our laboratory indicate that mutations affecting the type 3-specific genes and resulting in levels of capsule similar to that in JY1060 cause only modest reductions in virulence (A. D. Magee and J. Yother, submitted for publication). Thus, the avirulence of JY1060 is likely the result of multiple defects arising from reduced PGM activity that are manifested in the animal environment. Such defects may include additional alterations in growth, teichoic acid synthesis, and capsule synthesis that are not apparent during laboratory culture.
Several other observations also suggest that in vivo growth alterations affect the virulence of JY1060. In immunologically normal (BALB/cByJ) mice, JY1060 was avirulent but was cleared from the bloodstream at a lower rate than nonencapsulated strains. Although increased levels of accessible, surface-bound C3b could be responsible for the clearance of JY1060, its virulence was only modestly enhanced in decomplemented mice. Decomplementation should also minimize the protective effects of anti-PC, an important mediator of complement-dependent phagocytosis of S. pneumoniae (7) . Thus, a lack of optimal anti-PC activity would appear to be of minimal significance in the host's ability to resist infection with JY1060. Yet JY1060 exhibited high virulence, with only a slight increase in the time required to kill, in the immunodeficient (XID) CBA/N mouse. Taken together, these results suggest that the environments encountered in BALB/cByJ and CBA/N mice are distinctly different in ways other than anti-PC levels. In the CBA/N mouse, the low level of PGM activity of JY1060 is adequate to allow bacterial survival and a high level of growth. In contrast, the lack of PGM activity that occurs in pgm insertion mutants renders S. pneumoniae completely avirulent in both animal environments. Other studies have also suggested that factors other than anti-PC contribute to the high susceptibility of CBA/N mice to pneumococcal infections. The non-XID CBA background has been shown to result in greater susceptibility to lethal intranasal infection with type 2 S. pneumoniae than the BALB background due to reduced neutrophil recruitment in the former (20) . The CBA background is, however, only slightly more susceptible than the BALB background to i.v. infection with the type 3 WU2 strain used in our studies (8) . Regardless of the basis for the difference, our results further highlight the facts that mouse strains can vary greatly in their susceptibility to pneumococcal infections and that strains of S. pneumoniae producing reduced levels of essential virulence factors resulting in avirulence in one host can be highly virulent in another.
JY1060 suppressor mutants with increased virulence in BALB/cByJ mice were selectively enriched during infection and under conditions that induce genetic competence (23) . Three of four suppressor mutants examined produced increased amounts of capsule, compared to JY1060, though none had parental levels. The increase in virulence did not require an increase in capsule production, however, as the fourth suppressor mutant (GH5000) produced the same amount of capsule as JY1060. Thus, either the levels of capsule produced during laboratory culture are not reflective of those produced during infection, or the suppressor mutations compensate for other defects caused by reduced PGM activity. The failure to obtain suppressors with enhanced virulence when using the pgm insertion mutants suggests that most such mutations either occur within pgm or require some level of PGM activity (or the protein itself) to be effective. Determining the respective contributions of capsule and other factors to the virulence of the suppressor mutants awaits identification of the gene(s) affected by the suppressor mutations.
With the exception of type 3, none of the capsule loci thus far sequenced contains a PGM homologue (functional or otherwise) that could serve to provide additional Glc-1-P. The syntheses of all S. pneumoniae capsules require UDP-Glc and likely utilize cellular pools of Glc-1-P. Like JY1060 and the pgm insertion mutants, all strains would be expected to have reduced virulence as a result of alterations in PGM activity. A similar situation likely occurs in other streptococci, which also lack PGM homologues in their capsule loci (13, 15) .
